ABSTRACT In this paper, we investigate the performance of simultaneous wireless information and power transfer cooperative amplify-and-forward communication systems with binary differential phase-shift keying modulation. The piece-wise linear energy harvesting (EH) model that captures the nonlinear input-output characteristic of the EH circuit is considered. We derive a novel and closed-form expression of the probability density function (PDF) for the harvested power of the nonlinear EH receiver. Based on this, we further derive the expressions for the PDF of the received signal-to-noise ratio of the cooperative link and the average biterror-rate of the systems. Numerical results confirm the validity of the proposed analytical results. It is shown that the system performance is significantly overestimated when the ideal linear EH model is used in the place of the practical nonlinear EH model. An opposite result to the linear EH model that the system performance is monotonically improved with the increase of the distance between the location of the relay node and the source node is also demonstrated.
I. INTRODUCTION
Cooperative communication using relays promises significant benefits over the direct source-to-destination transmission [1] , [2] . The advantages include cooperative diversity, energy saving, network coverage extension, and improvements of throughput and reliability [1] - [3] , [5] , [6] . In wireless cooperative networks, the relay nodes usually have limited battery reserve, requiring periodic recharging or replacement of the batteries, which incurs boring and inconvenient, sometimes hazardous or even impossible operations [1] , [7] . Therefore, energy harvesting (EH) in such energy constraint wireless networks is particularly important as it can prolong the lifetime of the networks by introducing self-sustainability to the energy-limited devices [7] , [8] .
Wireless power transfer (WPT) has been considered as an attractive solution for EH technology that can prolong the lifetime of the energy constraint wireless networks [8] - [10] . As one of the WPT technologies, simultaneous wireless information and power transfer (SWIPT) can offer stable and on-demand alternative energy supplies for energy-constrained wireless networks [11] . Moreover, by utilizing radio frequency (RF) signals for power and information transfer simultaneously, SWIPT offers great convenience to mobile users [12] , as well as resulting in significant gains in terms of spectral efficiency, time delay, energy consumption, and interference management [13] . Therefore, SWIPT becomes appealing and has drawn an upsurge of interest in wireless research area [1] , [2] , [7] - [27] .
A. PRIOR RELATED RESEARCH
The application of SWIPT in energy-constrained wireless cooperative communication systems has been studied in [1] , [2] , [11] , and [14] - [27] , where the relay nodes harvest energy from the source RF signals. In particular, [1] , [11] , [14] investigated the symbol error rate performance of the EH amplify-and-forward (AF) cooperative wireless systems with relay selection, differential modulation (DM), and noncoherent EH relaying protocols, respectively. The outage probability of the SWITP decode-and-forward (DF) relay systems was studied in [15] - [19] , where [15] - [18] considered the spatial randomness of the source-destination pairs for various network topologies, and [19] considered the cooperative SWIPT non-orthogonal multiple access protocol. In [20] , both the bit-error-rate (BER) and the outage probability performance were studied for SWIPT AF cooperative wireless systems subject to composite shadowing and multipath fading. The throughput of SWITP relay systems was investigated in [21] and [22] , where [21] investigated the long-term throughput for SWIPT relay system with buff-aided hybrid relay, and [22] derived the analytical throughput expressions for both delay-tolerant and delay-limited transmission modes. Besides performance analysis, various schemes have been proposed to enhance the performance of the SWIPT cooperative wireless systems. Specifically, the joint relay selection and power allocation schemes were proposed in [23] and the multiple-input single-output beaforming design was proposed in [24] , both for the maximization of the system throughput; whereas the joint optimization of power allocation, power splitting and relay placement was presented in [2] to minimize the outage probability. The secure relay beamforming for SWIPT relay networks, beamforming and secure relay beaforming for non-regenerative SWIPT relay networks were respectively proposed in [25] , [26] , and [27] .
The aforementioned theoretical analysis and practical designs for SWIPT cooperative wireless systems are based on the linear EH model, where the energy conversion efficiency factor of the EH receiver is assumed to be a constant. However, it has been shown that the input-output characteristic of the practical EH circuits is nonlinear [28] - [30] . Therefore, the linear EH model is an ideal model and cannot properly model the practical EH implementations, which may lead to resource allocation mismatches [8] , [31] . Recently, a parametric nonlinear EH model based on the logistic function and real data was proposed in [8] for a downlink multiple antenna SWIPT system with beamforming design. This parametric nonlinear EH model was further exploited in [32] - [36] . Specifically, [32] and [33] proposed the resource allocation algorithm for SWIPT systems with multiuser scheduling and imperfect channel state information (CSI), respectively. The rate-energy region for SWIPT systems with multiple-input multiple-output broadcasting channel was explored in [34] . In [35] and [36] , the total harvested power and harvested power efficiency were respectively maximized for secure SWIPT systems. Besides the parametric nonlinear EH model based on the logistic function, a piece-wise linear EH model was considered for the outage analysis in [37] and [38] , respectively, for SWIPT AF and DF relay systems. For more discussions on the nonlinear EH model and other recent updates on SWIPT, the readers are referred to [39] .
B. MOTIVATION AND CONTRIBUTIONS
With the exception of a few works (e.g. [11] , [14] and [20] , etc.) considering noncoherent SWIPT, most of the aforementioned studies on SWIPT wireless systems focused on coherent detection, which needs channel estimation to obtain CSI for detection, incurring an increased signaling overhead and processing burden at the transmitter and additional energy consumptions at the receiver [14] . By contrast, as one of the non-coherent modulation technologies, DM dispenses with channel estimation for CSI and has been well recognized to achieve a good trade-off between performance and implementation complexity [11] , [40] . Hence, DM is useful especially for the devices who experience bad channels (such as mobile users and the energy-constrained relay nodes at the cell boundary) thus significant amount of training data, signaling overhead, and additional energy consumption is required to estimate the channel gains [41] . On the other hand, the studies on the SWIPT systems with nonlinear EH models focused either on the resource allocation [32] - [36] , or on the outage performance based on the capacity analysis [37] , [38] , whereas no explicit form of the probability density function (PDF) of the received signalto-noise ratio (SNR) is presented therein. The implicitness of the PDF of SNR leads to the difficulty in analyzing some most fundamental measures (e.g., BER) for SWIPT cooperative systems with nonlinear energy harvesting model. Considering the channel complexity of the relay link due to double channel fading [11] , [20] , and the implicitness of the PDF of the harvested power at the EH receiver due to the nonlinearity of the EH model, the performance analysis especially the derivation of the BER expressions for SWIPT cooperative systems with nonlinear EH model is more difficult. To the best of the authors' knowledge, the BER has never been investigated for the SWIPT systems with nonlinear EH model yet.
Motivated by these observations, we investigate the BER performance of binary differential phase-shift keying (BDPSK) modulated SWIPT cooperative wireless systems with nonlinear EH model in this paper. The piece-wise linear EH model that captures the nonlinear input-output characteristic of the EH circuit is considered. The main contributions of this paper are summarized as follows.
1) We derive a novel and closed-form expression of the PDF for the harvested power of the nonlinear EH model. Based on this, we derive the expression for the PDF of the received SNR of the cooperative link. Moreover, we further derive the average BER expressions for the systems of only relay-assisted transmission as well as the relay plus direct links transmission, which are used in the discussion for the effects of system parameters on the BER performance. 2) We compare the average BER performance of the systems with linear EH model and nonlinear EH model. It is shown that the nonlinear EH receiver has a significant unfavorable effect on the system performance compared with the linear EH model. In other words, the using of the ideal linear EH model will lead to the obvious overestimation of the practical system performance.
3) We analyze the impact of the relay position and the power splitting ratio k on the performance of the systems. It is demonstrated that a closer location of the relay node to the source node brings a worse system performance, which is an opposite result to linear EH model. In addition, when the power splitting ratio changes, the performance of the systems with nonlinear EH model keeps more stable than that with linear EH model. Compared with our previous work [20] where the linear EH model is considered, the major contribution of this paper is that we consider the effect of nonlinear EH model on the received SNR and average BER performance, and derive the analytical expressions for the PDF of the received SNR and the average BER.
The remainder of this paper is organized as follows. Section II introduces the system model. The end-to-end SNR is derived and the BER performance analysis is carried out in Section III. In Section IV, the analytical and simulation results along with the discussion are presented. The last section concludes the paper.
II. SYSTEM MODEL A. TRANSMITTER
We consider a three-node, two-hop AF wireless cooperative system as shown in Fig. 1 [20] , which is composed of a source node S, a relay node R, and a destination node D. Each node is equipped with a single antenna [11] , [20] , [21] (the scenario of single antenna occurs when the nodes have small physical size and low power consumption, such as the nodes in wireless sensor network). The relay node R is assumed to be energy-constrained and harvests energy from the received signal of S with the static power splitting scheme. The data transmission is performed over two time phases as in [11] , [20] , and [40] , each with a duration of T 2 (s), where T is the entire time of communication. A time-division multiplexing and half-duplex mode is assumed to eliminate mutual interference between the two phases. During phase-I, S broadcasts its information while both R and D listen. During phase-II, S remains silent, whereas R amplifies the source's signal and forwards it to D using the energy harvested during phase-I. We consider the binary BDPSK modulation. The transmission information bits are first binary phase-shift keying (BPSK) modulated and then differentially encoded. Therefore, the modulated signal transmitted from S is given by x s (n) = x s (n − 1) s(n), n = 1, 2, . . . , N F with x s (0) = 1, where s (n) ∈ {±1} are the BPSK modulation outputs and N F is the number of bits within the frame [20] .
B. CHANNEL MODEL
All links are assumed to experience frequency flat and block fading such that the channels remain constant over the duration of the two phases of cooperative transmission [20] . The corresponding channel coefficients are denoted as h sd (n), h sr (n), and h rd (n), respectively. In the following parts, we drop the time index n of the channel coefficients h sd (n), h sr (n), and h rd (n) for brevity. We assume that all of the radio links are subjected to both small-scale Rayleigh fading and large-scale path-loss effects. The channel gain of the radio link between nodes i and j, h ij 2 , is then given as
where
ij , where λ ij is the power of Rayleigh fading, α is the path loss exponent, d ij denotes the distance between nodes i and j, and E [·] means expectation operation.
C. RECEIVER
For phase-I transmission, the baseband signals received at D and R, respectively, are given as [20] 
where P s is the transmit power at S, x s (n) is the modulated signal transmitted from S, N sd (n) is the overall channel noise at D including the receive antenna noise and the RF to baseband signal conversion noise, N ra (n) is the receive antenna noise at R. N sd (n) and N ra (n) are assumed to be independent complex addition white Gaussian noise (AWGN) with zero mean and variances σ 2 sd and σ 2 ra , respectively. As shown in Fig. 1 , the received signal at R is split into two signal streams at the end of phase-I, which are then separately forwarded to the EH receiver and the information receiver (IR). The signal received at the IR of R is given by
where k is the power splitting ratio, N sr (n) = √ kN ra (n) + N rc (n) and N rc (n) is the complex AWGN with zero mean and variance σ 2 rc due to RF to baseband signal conversion at R [20] .
For phase-II transmission, the received signals at the IR of R is amplified with a power scaling factor A and forwarded to D using the harvested energy by the EH receiver, where A VOLUME 6, 2018 meets the average power constraint given by [11] , [20] , and [40] 
where P EH is the power available at R at the end of phase-I, σ 2 sr is the variance of N sr (n), Var [·] means variance operation. The signal transmitted from R to D is then given by
Obviously the average transmit power of x r (n) is P EH . The signal received at D at the end of phase-II is given by
where N rd (n) is the overall complex AWGN with zero mean and variance σ 2 rd due to the receive antenna and the RF to baseband signal conversion at D [20] .
The standard differential detection is used at the receiver of D for both the direct link (S → D) and the relay link (S → R → D). Besides, we consider the same suboptimal differential combiner as [11] , [20] , and [40] when both links are used for the information transmission to obtain additional diversity gain. The output of the combiner is then given by
where γ sr and γ rd is the average SNR of S → R and R → D link, respectively. The information bits for BDPSK are then detected as s (n) = sign (Re {z (n)}).
D. NONLINEAR ENERGY HARVESTING MODEL
As shown in Fig. 1 , the received signal at the EH receiver of R is given by y ER (n) = √ 1 − ky sr (n). The energy conversion efficiency of the EH receiver is typically considered to be a fixed value η (0 < η < 1) and the power harvested at R is therefore given as P EH = ηP ER = η (1 − k) P s |h sr | 2 [8] , [11] , where P ER = (1 − k) P s |h sr | 2 is the received RF power at the EH receiver of R. However, as pointed out in [8] , EH circuits result in a nonlinear wireless conversion in practice [28] - [30] . It is shown in [8] and [28] - [30] that in practical EH circuits, the harvested power linearly improves as the received RF power rises whereas there exists a limitation of maximum harvested power. Due to this fact, here we consider the piece-wise linear EH model to capture the nonlinearity of the EH circuit such that the harvested power at the EH receiver is modeled as [38] 
where M is the saturation (maximum) harvested power of the EH receiver, η is the linear power conversion efficiency when the received RF power is within the linear range of the EH receiver.
III. PERFORMANCE ANALYSIS
In this section, we will analyze the average BER performance for the SWIPT cooperative system with the nonlinear EH model. We first consider the scenario of using only the relay link (S → D) for transmission, which occurs when source S cannot reach destination D directly due to power limitation [20] , [40] . We then consider the scenario of using both relay and direct links for transmission, which occurs when the relay is used to achieve cooperative diversity for fading mitigation and performance improvements [1] , [2] , [40] .
A. INSTANTANEOUS SNR AND ITS DISTRIBUTION
From (2), the instantaneous SNR of the direct link (S → D) is given as γ sd = P s |h sd | 2 σ 2 sd . Therefore, the PDF of γ sd follows an exponential distribution and is given as
The equivalent instantaneous SNR of the relay link (S → R → D) is equivalent to the SNR of y rd (n). Let γ srd denote the equivalent instantaneous SNR of the relay link. From (7), γ srd can be derived using the similar way to [11] , [20] , and [40] as
where γ sr = E [γ sr ], β = γ sr + 1, γ sr and γ rd are the instantaneous SNRs of the S → R and R → D links given by
The PDF of γ sr can be easily obtained from (12) and (1) as
To obtain the PDF of γ rd in (13), it needs first to decide the PDF of P EH . As described in (9), P EH is the output of the nonlinear EH receiver that has the characteristic of the saturating amplifier/limiter transformation. It's easy to obtain the cumulative distribution function (CDF) of P EH from (9) as follows
Taking the derivative of (15), we obtain the PDF of P EH as described in theorem 1 as follows.
Theorem 1: The PDF of the harvested power of the nonlinear EH receiver, having the characteristic of the saturating amplifier/limiter transformation, is given by
where δ (·) is the Dirac delta function. By using (16) and (13), the PDF of γ rd is derived as
where f
is the PDF of X = |h rd | 2 σ 2 rd , I 1 and I 2 are respectively given as
With the aid of [42, eq. (4.268)] and the truncated Laplace transform of Meijer G-function (see Appendix A for the definition and derivation), I 1 can be derived as
. By using (11), (14) and (17) , the PDF of the equivalent instantaneous SNR of the relay link (S → R → D), γ srd , is derived in Appendix B as follows.
B. AVERAGE BER
1) AVERAGE BER FOR RELAY LINK
For the BDPSK modulation and detection, the conditional BER of using only the relay link is given by [43, (12-1-13) ]. By invoking (21), the average BER is given by (22) where
Here we use [42, eq. (4.268)] and [44, eq. (7.811.1)] to obtain P R e1 , P R e2 , P R e3 , and P R e4 .
2) AVERAGE BER FOR RELAY AND DIRECT LINKS
The conditional BER of BDPSK using both relay and direct links is given by [43, (12-1-13) ]
Averaging the conditional BER with respect to the PDF of γ srd and γ sd and after some manipulation, the average BER can be written as [20] P RD e
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where 
3) APPROXIMATE ANALYSIS
In the practical SWIPT cooperative wireless communication systems, the value of C 1 = M ηP ER may become very small, which occurs when the EH receiver is near from the source node (e.g., an environment within a small room) and the saturation conversion power of the EH circuit is very small compared with the average received RF power of the EH receiver. As an example, it is shown in [8] that the saturation conversion power of the EH circuit is M = 20mW whereas the average received RF power at the EH receiver is P ER = 1W with d sr = 1m. Under this circumstance, (21) can be approximated as
The average BER expressions of (22) and (28), respectively, can be approximated as 
4) ASYMPTOTIC ANALYSIS AND DIVERSITY ORDER
In order to get more insight of the above BER analysis, we investigate the asymptotic BER performance at high SNR and derive the diversity order in this section. We consider a symmetric scenario that all links are identical, i.e., P s sd σ 2 sd = P s sr σ 2 sr = P s rd σ 2 rd = γ , and let γ → ∞ [6] , [40] . Then for very high value of γ (γ → ∞), → 0 is obvious; whereas when P S → ∞, M → ∞ is considered, i.e., the saturation maximum) harvested power of the EH receiver is also infinite when the transmit power at S is infinite. This consideration is reasonable since P S → ∞ means γ sd → ∞ and γ sr → ∞. Therefore, in order to ensure the validity of the (R → D) link compared with the (S → D) and (S → R) links, γ rd → ∞ is required, which means M → ∞. Therefore, when γ → ∞,
→ 0 and we have [45] and [46] 
where (35) into (34) yields
From (36), we conclude that the diversity order is 2 as γ → ∞. The effect of diversity order will be illustrated in the next section.
IV. NUMERICAL EXAMPLES
In this section, we present the numerical results for the SWIPT cooperative system with nonlinear EH model. The derived average BER expressions given in (22) and (28) are used to investigate the impact of the system parameters on the system. For practical implementation, the infinite series in (22) and (28) are truncated to a finite number of terms [40] . Specifically, we consider the case of truncating the infinite series in (22) and (28) analytical results for both the scenarios of only relay-assisted transmission and relay plus direct links transmission. Unless otherwise specified, the transmission power of the source node is set to P s = 30 dBm and the power splitting ratio is k = 0.5. The harvested saturation power is set to M = 24 mW as in [31] and [32] . The energy conversion efficiency factor in the linear region is set to η = 0.7. The antenna and ID circuit noise are assumed to have equal variances and be the half of the total noise variance of the destination node [14] , [20] , i.e., σ 2 sd = σ 2 rd = 2σ 2 ra = 2σ 2 rc = N 0 , where N 0 is the power spectral density of complex AWGN. Fig. 2 shows a comparison of the average BER for the SWIPT wireless cooperative system with linear and nonlinear EH models. It can be observed that compared with the linear EH receiver, the nonlinear EH receiver has a significant unfavorable effect on the system performance. In other words, the using of the ideal linear EH model will lead to the obvious overestimation of the system performance. Compared with the practical nonlinear EH model, the ideal linear EH model leads to a SNR overestimation of about 6dB at the average BER of 10 −1 for the scenario of only relay-assisted transmission, and 2.2dB at the average BER of 10 −4 when both relay and direct links are combined for the transmission. It is also observed that the cooperative scheme achieves cooperative diversity and outperforms the noncooperative (only direct link) transmission.
In Fig. 3 , the average BER of the SWIPT cooperative communication systems is plotted against the distance between source node S and relay node R, d sr . It can be observed the similar results to [11] and [20] that for linear EH model, the average BER performance gets worse when d sr increases. Whereas for nonlinear EH model, the opposite results are observed, say, the average BER performance gets worse when d sr decreases. This opposite variation trend of BER leads to another noticeable result that, the closer the location of the relay node to the source node, the more overestimated the system performance when using the ideal linear EH model for practical SWIPT relay systems. This is due to the saturation characteristic of the practical nonlinear EH receiver. It is easy to understand that the closer the location of the relay node to the source node, the larger the input power of the EH receiver, and thus the more easily the output power of the nonlinear EH receiver is saturated; accordingly, more input power is wasted when the output power of the practical nonlinear EH receiver is saturated. Fig. 4 illustrates the average BER for the systems with various power splitting ratios k. Again similar results to [11] and [20] can be observed that the average BER does not change much when the splitting ratio k changes within [0.1, 0.9]. Specifically, when the power splitting ratio increases, the system performance keeps almost stable for the nonlinear EH model, whereas slightly decreases for the linear EH model. As pointed out in [20] , this is due to the fact that the SNR of the relay link (S → R → D) shown in (11), γ srd , does not change much with k. And, the smaller the value of the k, the larger the input power of the nonlinear EH receiver, and thus the more easily the output power of the nonlinear EH receiver is saturated; accordingly, more input power is wasted when the output power of the practical nonlinear EH receiver is saturated, which brings a higher BER gap between the nonlinear and linear EH model. Similar to [20] , we do not consider the scenario of k = 0 or 1 here since this scenario means that only the direct link is used for data transmission whereas the cooperative link does not work.
Remark: Even though the infinite series in (22) and (28) are truncated to a few number of terms (5 terms) for easy implementation in the analysis, it can be observed in Fig. 2 perfect match between the proposed analytical and simulation results for the SWIPT wireless cooperative system with nonlinear EH model. This observation demonstrates that the proposed analytical results (22), (28) can be efficiently used with high accuracy, as well as relative low complexity by keeping a few terms after truncation. It can be also observed the perfect match between the approximation and simulation results over a wide range of SNR in Fig. 2 , showing the accuracy of the approximation results given in (33), (34) .
V. CONCLUSION
In this paper, we have investigated the average BER performance of BDPSK modulated SWIPT cooperative AF communication systems with nonlinear EH model. A novel and closed-form expression of the PDF for the harvested power of the nonlinear EH receiver has been proposed. Based on this, we have derived the expression for the PDF of the instant SNR of the cooperative link. Moreover, we have derived the tractable analytical expressions of the average BER for the systems, which are expressed in infinite series that can be truncated to a few terms while keeping high accuracy. To further simplify the calculation, we have also derived the approximate closed-form expressions for the average BER of the systems that are shown to be highly accurate over a wide range of SNR. The impacts of the relay position and the power splitting ratio on the system performance have been investigated. Results have demonstrated that the average BER performance are obviously affected by the nonlinear characteristic of the EH receiver. It has been also demonstrated that a closer location of the relay node to the source node brings a worse system performance, which is an opposite result to linear EH model. In addition, when the power splitting ratio changes, the performance of the systems with nonlinear EH model keeps more stable than that with linear EH model. In our setup, we assume the simple binary constellation for the proposed analysis. Different modulation and coding schemes for the proposed analysis can be further investigated in future work. Also, to extend the work in this paper to the case of multiple relays and multiple antennas, or other channel models such as Rician fading, can be studied as new topics. 
where (38) where (·) is the Gamma function, i = √ −1, L is the integral contour. Note that, (37) is different from the standard Laplace transform of Meijer G-function given by [44, eq. (7. 813. 1)], where the integral upper limit is infinity. Substituting (38) into (37) and changing the order of the integration, we have 
Changing the order of integration and summation of (40), we have (41), as shown on the top of next page. When uθ 1 (uθ → 0), the approximate expression of (40) can be derived as
B. PDF OF γ SRD Let X = γ sr γ rd and Y = γ rd + β. Then the PDF of γ srd is given by [11] , [20] , and [40] 
is the joint PDF of X and Y . From (17) , the marginal PDF of Y is obtained as
The conditional PDF of f X |Y ( x| y) is given by
Substituting (44) and (45) 
